The advent of black phosphorus field-effect transistors (FETs) has brought new possibilities in the study of two-dimensional (2D) electron systems. In a black phosphorus FET, the gate induces highly anisotropic 2D electron and hole gases.
phosphorus exhibit ambipolar behavior. [1] [2] [3] [4] [5] A gate electric field induces a twodimensional hole gas (2DHG) or electron gas (2DEG), [21] [22] [23] [24] [25] both of which are distinctively different from the 2D gases in conventional semiconductor heterostructures 26 or in graphene. 27, 28 In particular, the new 2DHG and 2DEG exhibit peculiar electronic properties, such as high electronic anisotropy 4, 5 and heavy carrier mass, [21] [22] [23] [24] and greatly enrich the variety of 2D electron systems. Recent advances in device fabrication techniques have led to significant improvement in the quality of black phosphorus 2DHG, which culminated in the recent observation of quantum Hall effect (QHE). 19 The quantized Hall plateaus in black phosphorus 2DEG, however, have remained elusive due to the modest quality of black phosphorus 2DEG. Further indepth studies of the 2DEG require high sample quality on the electron side of the gate doping. In particular, a high quality 2DEG on the electron side is crucial for future exploration of many-body physics in 2D; the higher effective mass in black phosphorus 2DEG implies a more prominent electron-electron interaction.
In this work, we observed for the first time quantized Hall plateaus in high-quality black phosphorus 2DEG under high magnetic fields. We achieved high quality in black phosphorus 2DEG by adopting a new device structure that was inspired by ref 29 .
Specifically, we used prepatterned graphite as a local gate to define the 2DEG in a selected region inside the black phosphorus flake; the area surrounding the 2DEG was in the meantime tuned into intrinsic insulating state with a Si back gate. The electrostatically defined smooth edge of the 2DEG is conducive to improved edge transport in the quantum Hall regime, and we observed well-developed Hall plateaus, accompanied by vanishing magnetoresistance under high magnetic fields. The transport study in the quantum Hall regime enabled us to delineate fundamental properties, the effective mass and Landé g-factor, of the carriers in black phosphorus 2DEG.
Specifically, the effective mass of the electron carriers is determined to be * = (0.42 ± 0.02) 0 , where 0 is the bare electron mass. Such large effective mass implies strong electron-electron interactions in black phosphorus 2DEG. Indeed, we obtained a much-enhanced g-factor of 5.7 ± 0.7 at the lowest filling factor of = 1
(the g-factor at > 7 reduces to 2.5 ± 0.1). Our results uncover the important role of electron-electron interaction in quantum transport through black phosphorus 2DEG, which may lead to new many-body states in the fractional quantum Hall regime.
We construct the black phosphorus FETs by sequentially stacking black phosphorus, hexagonal boron nitride (hBN) and graphite flakes. We start with a thin graphite flake (typical thickness ~ 10 nm) exfoliated on SiO2/Si wafer. The graphite flake is then patterned into van der Pauw geometry ( Figure 1a ) with O2 plasma reactive-ion etching, followed by annealing at 400 ℃ in forming gas to clean its surface. Meanwhile, we prepare black phosphorus/hBN stack by sequentially picking up black phosphorus and hBN flakes with a polypropylene carbon (PPC) film. 30 The black phosphorus/hBN stack is then released onto the prepatterned graphite flake, which serves as a local gate in addition to the Si back gate underneath ( Figure 1a ). We define Cr/Au contacts (2 nm
Cr and 60 nm Au) on black phosphorus with standard e-beam lithography. Finally, we cover the device with another layer of hBN (thickness ~ 10 nm) to protect it from degradation in air. Because the quality of the 2D electron systems is largely determined by the cleanness of the black phosphorus/hBN interface, we took extra precautions to minimize defects/impurities as well as macroscopic bubbles introduced by the transfer processes. All transfer processes were performed in a glovebox with O2 and H2O contents below 1 ppm, and we choose freshly cleaved black phosphorus and hBN flakes for device assembly. Figure 1b displays considering the fact that the mobility of Device A is not in fact the highest among reported values. 25, 33 Close examination reveals that the QHE is most well-developed at around = 5 V, where the Si back gate depletes the black phosphorus around the 2DEG region, and creates well-defined boundaries for the QHE edge channels to propagate. As deviates from the charge neutral point ( < 2 V or > 7 V;
Supporting Information), at filling factors = 1 and 2 becomes finite, probably due to dissipative conduction through the region that is not fully depleted.
Finally, we note that effect of dissipative conduction is also visible in the Hall plateaus shown in Figure 1d effective Landé g-factor of 1 = 5.7 ± 0.7 at = 1. Such a g-factor is significantly larger than the bare electron g-factor of = 2 that is expected from the negligible spin-orbit coupling in black phosphorus. 35 Exchange interactions, however, may drastically enhance the g-factor in spin-polarized LLs. 36 Our results are clear experimental evidence of such many-body interactions in black phosphorus 2DEG.
We are now poised to delineate the energetics of higher LLs by analyzing the quantum oscillations in black phosphorus 2DEG. Despite the difficulty in obtaining the value of either or from (mainly because of the large uncertainty in estimating ), the precise ratio between and can be obtained through LL coincidence in a tilted magnetic field. 36, 37 Measurement of ⁄ provides a precise determination of the magnetic susceptibility, = * * , in unit of /2 ℏ 2 . We then perform a separate measurement of * to unscramble * from and thus completely determine * and * , the two of the most fundamental parameters of an electron gas, at high filling factors.
We start with the measurement of ⁄ . We performed the measurements in Device B (shown in Figure 3a inset; a graphite flake serves as back gate, and was not Figure 3b . Finally, we note that variations in the coincidence condition, if at all, were not apparent at different filling-factors, so the filling-factordependence of is not appreciable.
We now turn to the measurement of the effective mass * in black phosphorus 2DEG. In conventional 2DEG in GaAs/AlGaAs heterostructures, the * is normally obtained by fitting the temperature-dependent SdH oscillation amplitude ∆ with Lifshitz-Kosevich (LK) formula
where ( ) = 2 2 * /ℏ . Here is Boltzmann constant. The large Zeeman energy, however, poses a challenge in the measurement of * in black phosphorus 2DEG: spin-splitting introduces a second harmonic into SdH oscillations, and Formula
(1) breaks down. 38 We address the challenge by measuring * in a tilted magnetic field: 37 near the coincidence condition, the spin-split states from adjacent LLs merge and the validity of Formula (1) is restored. Figure 4a Figure 4c . We note that * is weakly dependent on the fillingfactor, which may be attributed to the fact that at a tilt angle the in-plane magnetic field distorts the Fermi surface. 39 The result provides a more precise determination of the effective mass than a previous attempt that included the second harmonic in the fitting. 22 It also agrees reasonably well to theoretical values reported in the literature, 22, 35 Our analysis of * and * provides valuable insights into the electronic structure of black phosphorus 2DEG at the extreme quantum limit. There are two main points to note. First, the much-enhanced g-factor of 1 = 5.7 ± 0.7 at = 1 points to the predominant role of electron-electron interactions in the LL energetics at the lowest filling factors. The g-factor reduces to * = 2.5 ± 0.1 at higher filling factors ( > 7), which we attribute to the strong screening effect at high electron densities that suppresses electron-electron interactions. Meanwhile, increased LL broadening at high filling factors may reduce the spin polarization, which also leads to a g-factor close to the bare electron g-factor of = 2. Second, the large effective mass of the carriers suppresses the kinetic energy (relative to the Coulomb energy), and underpins the strong electron-electron interaction in black phosphorus 2DEG. The large * and * yield a magnetic susceptibility that reaches 2.4 0 at = 1. The value is on the same order of magnitude with that in the 2DEG in ZnO/MgZnO heterostructures 40 and AlAs quantum well 41 but is significantly larger than that in GaAs/AlGaAs heterostructure (0.1 0 ; ref 42). Consequently, Zeeman energy becomes a defining energy scale in black phosphorus 2DEG under magnetic fields, which may lead to the observation of exotic even-denominator fractional quantum Hall effect. 40 In conclusion, we fabricated black phosphorus FETs with prepatterned graphite local gate that electrostatically defines the 2DEG and its edge. Such a device structure enabled us to observe well-quantized Hall plateaus on electron-doped black phosphorus
FETs. Magneto-transport measurements in the quantum Hall regime revealed a muchenhanced Landé g-factor at the lowest filling factor, providing unambiguous evidence of strong electron-electron interactions in black phosphorus 2DEG. Indeed, we obtained a large effective carrier mass that underlies the strong interaction effects. The strong electron-electron interaction, coupled with the anisotropic electronic structure of black phosphorus, may lead to exotic ground states in the fractional quantum Hall regime.
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